The current definition of the genus Beijerinckia characterizes its members as nonsymbiotic, aerobic, chemo-heterotrophic bacteria with the ability to fix atmospheric dinitrogen (6) . Beijerinckia species utilize a wide range of multicarbon compounds, but sugars are the preferred growth substrates. Members of this genus are typical rod-shaped cells with round ends containing polar lipoid bodies. Another distinctive feature of these bacteria is their acid tolerance, which allows them to grow and to fix dinitrogen at pH 3.0 to 4.0. The first isolates of this genus were obtained from acidic soils of tropical regions (1, 24) . Later studies revealed that these bacteria are widely distributed in both acidic and neutral soils of different tropical and nontropical regions (5) . The four recognized species of this genus, i.e., Beijerinckia indica, Beijerinckia mobilis, Beijerinckia derxii, and Beijerinckia fluminensis, were taxonomically described and intensively studied half a century ago. Since that time no further studies into the physiology and metabolism of this group of bacteria have been undertaken.
Recently, a novel subgroup of acidophilic serine pathway methanotrophic bacteria that are phylogenetically closely related to the genus Beijerinckia was discovered in acidic Sphagnum peat bogs and forest soils (10, 11, 13) . The 16S rRNA sequence similarity values between Beijerinckia spp. and the acidophilic methanotrophs Methylocella and Methylocapsa range from 96.0 to 97.3%, and the representatives of these three genera form a monophyletic cluster within the alphaproteobacteria. Interestingly, methanotrophic and heterotrophic members of this monophyletic cluster possess some morphological similarities and share several physiological characteristics, including acid tolerance and ability to fix dinitrogen. Comparison of 16S rRNA phylogeny with phylogenies based on two different structural genes of nitrogenase (nifH and nifD) has led to the conclusion that these two metabolically different groups of bacteria might have originated from a common acidophilic dinitrogen-fixing ancestor (12) . However, none of the currently known Beijerinckia spp. are capable of growth on methane, and no evidence for any kind of metabolic similarity between Beijerinckia and acidophilic methanotrophs has been obtained so far. The only indication for the possible occurrence of C 1 metabolism in Beijerinckia was reported for B. mobilis which, in contrast to all other species of this genus, is capable of weak growth on formate (6) . This report and the close phylogenetic relationship between Beijerinckia spp. and acidophilic methanotrophs prompted us to examine the capability of all currently available type strains of Beijerinckia to grow on methanol. The data presented here show that at least one of the currently known species of the genus Beijerinckia, B. mobilis, is capable of methylotrophic metabolism coupled with the ribulose bisphosphate (RuBP) pathway of C 1 assimilation. This is the first report of methylotrophy and autotrophy in Beijerinckia.
Growth of Beijerinckia species on methanol. T ) for their ability to grow on methanol (0.1%, vol/vol) as the sole carbon and energy source in either nitrogen-free half-strength (1:2) liquid mineral medium M1 (9) or in the same medium supplemented with 0.05% (wt/vol) KNO 3 . For comparison, these strains were grown on the same mineral medium, but with glucose (0.1%, wt/vol) added as the carbon source. Flasks were incubated at 24°C on a rotary shaker at 120 rpm. Growth was monitored by measuring optical density at 600 nm.
All strains of Beijerinckia showed exponential growth on medium with glucose within 2 to 4 days of incubation, while most of these strains failed to grow on the same medium with methanol within 6 weeks. The only Beijerinckia species capable of growth on methanol was B. mobilis. Growth occurred under a wide range of methanol concentrations ranging from 0.01 to 3% (vol/vol). Optimum growth was observed between 0.05 and 0.5% (vol/vol) CH 3 OH.
B. mobilis grew on methanol under both nitrogen-fixing and nitrogen-sufficient conditions (Fig. 1) . In contrast to growth dynamics of this culture on glucose, the exponential growth on methanol was always preceded by a lag phase of 2 to 4 days. This lag phase was longer for cultures grown on nitrogen-free medium than on nitrate-containing medium. However, the maximum specific growth rates attained on methanol and on glucose did not differ significantly and were 0.054 to 0.072 and 0.071 to 0.087 h Ϫ1 , respectively. B. mobilis could be maintained continuously on methanol as the sole carbon and energy source without loss of viability.
Cell morphology and ultrastructure. Both glucose-and methanol-grown cells of B. mobilis had the same distinctive bipolar appearance typical for the representatives of this genus, except that the cells grown on methanol were slightly smaller in size ( Fig. 2A and B) . Thin sections of these cells were prepared and examined using the procedure described by Khmelenina et al. (18) . Major differences were observed between cells grown in nitrogen-sufficient and nitrogen-free media ( Fig. 2C and D, in comparison to E and F). The cells grown under nitrogen-fixing conditions possessed a highly irregular sinusoidal form, while the cultures grown in nitrogen-sufficient medium were more regular rod-shaped cells with two terminal lipoid bodies (poly-␤-hydroxybutyrate spherical inclusions) (Fig. 2C ). In general, the cell ultrastructure of B. mobilis grown under nitrogen-fixing conditions was highly similar to the cell ultrastructure described before for acidophilic methanotrophs of the genus Methylocella (10, 13). T . A recent report noted that the same primer set yielded mxaF fragments from only two of four different methylotrophic Afipia species (21), so primers f1003 and r1561 appear to be less universal than previously thought. Thus, to provide further evidence for the absence of mxaF in other species of Beijerinckia, a few novel primers were designed that corresponded to highly conserved regions within an alignment generated for complete mxaF gene sequences of the alphaproteobacterial methylotrophs M. extorquens AM1 (M31108), Methylobacterium organophilum XX (M22629), Methylobacterium nodulans (AF220764), and Paracoccus denitrificans PD1207 (M17339) (numbers in parentheses are EMBL, GenBank, and DDBJ database entries). One newly designed forward primer, mxaF-f769 (5Ј-TGGGAGGGCGAYGCCTGGA A-3Ј), and three newly designed reverse primers, mxaF-r1392, mxaF-r1585, and mxaF-r1690 (5Ј-CTTSGGGCCCGGATACA TG-3Ј, 5Ј-CTTCCASAGNAGKTCRCCNGTGTC-3Ј, and 5Ј-CCCGGCCARCCGCCGAC-3Ј, respectively) were applied along with the primers f1003 and r1561 in all possible combinations in PCR with template DNA from different species of Beijerinckia and alphaproteobacterial methylotrophic reference strains. Amplicons of the expected size were obtained from DNA of B. mobilis and two strains of Methylobacterium, i.e., M. extorquens AM1 and M. dichloromethanicum DM4, using all primer combinations tested. Amplification of a mxaF fragment from DNA of A. methylovorans was possible only with the primer combination mxaF-f769 and mxaF-r1561. With respect to other alphaproteobacterial methylotrophs tested, the most consistent results were obtained using primers mxaF-f769 and mxaF-r1690. However, neither of these primer combinations yielded a product in PCR with DNA from other Beijerinckia species, i.e., B. indica subsp. indica, B. indica subsp. lacticogenes, B. derxii subsp. derxii, and B. derxii subsp. venezuelae. The mxaF gene amplicons were purified using QIAquick spin columns (QIAGEN) and sequenced on an ABI Prism 377 DNA sequencer (PE Applied Biosystems). Processing of sequence data was performed using the ARB program package (http://www.arb-home.de). Phylogenetic analyses were carried out using the PHYLIP package for phylogenetic inference (14) . Comparative sequence analysis grouped the inferred peptide sequence of mxaF from B. mobilis within a cluster characterized by representatives of the alphaproteobacterial genera Methylobacterium, Methylocella, and Methylorhabdus (Fig.  3) . However, the bootstrap value for the common branch point of this cluster was relatively low (50 to 54%), independently of the method used for the calculation of distance (PAM or Kimura). The identity values between the MxaF sequence of B. mobilis and the MxaF sequences from other members of this cluster ranged from 85.7 to 91.8%, while the highest sequence identity values were observed between MxaF of B. mobilis and those of M. nodulans (91.8%) and Methylocella silvestris (91.3%). The MxaF identity values between B. mobilis and gammaproteobacterial methylotrophs ranged from 74.5 to 79%, while the corresponding identity values to the betaproteobacterial methylotrophs were 73 to 74%.
PCR-mediated screening for mxaF genes in representatives of
Enzymatic profile. Cell extracts were prepared from cells of B. mobilis grown at 28°C in nitrogen-free medium with 0.2% (vol/vol) methanol or with 1% (vol/vol) glucose using an earlier-described procedure (13) . The following enzymes were assayed spectrophotometrically at 30°C in cell extracts using standard methods: methanol dehydrogenase EC 1. (19) .
The activities of the enzymes potentially involved in primary C 1 oxidation and assimilation in B. mobilis are shown in Table  1 . This bacterium possessed a PQQ-containing methanol dehydrogenase, which required alkaline pH and NH 4 ϩ ions for in vitro activity with phenazine methosulfate (PMS) as an artificial electron acceptor. Two formaldehyde-oxidizing enzymes were present, i.e., NAD(P)-, glutathione (GSH)-dependent formaldehyde dehydrogenase, and the PMS-linked form. Also, the PMS-linked formate dehydrogenase was detected. As expected, these enzyme activities were absent in glucose-grown cells. Thus, B. mobilis appears to possess the complete suite of enzymes required to conduct methanol oxidation to CO 2 through formaldehyde and formate and to provide metabolic energy for methylotrophic growth. The presence of the two enzymes unique to the RuBP cycle, i.e., phoshoribulokinase and ribulose-1,5-bisphosphate carboxylase (RubisCO), suggested that the carbon derived from the oxidation of methanol is assimilated at the level of CO 2 via the RuBP pathway. This was further confirmed by the finding that the RubisCO activity in methanol-grown cells was 1 order of magnitude higher than that in glucose-grown cells (Table 1 ). It appears that the RuBP cycle operates with transketolase-transaldolase rearrangements converting glyceraldehyde-3-phosphate to xylulose-5-phosphate to regenerate the primary acceptor of CO 2 , i.e., ribulose-1,5-bisphosphate. We also observed rather low activities of the serine pathway-specific enzymes, i.e., serine-glyoxylate aminotransferase, NADH-dependent hydroxypyruvate reductase, malyl-CoA synthetase, malyl-CoA lyase, and glycerate kinase. In addition, the activity of phosphoenolpyruvate carboxylase, which is involved in the serine pathway of C 1 assimilation and is responsible for heterotrophic CO 2 fixation, was enhanced in methanol-grown cells. Thus, at present, we cannot exclude the possibility that the serine pathway plays a minor, supplementary role. In contrast, a key enzyme of the ribulose monophosphate (RuMP) cycle, 3-hexulose phosphate synthase, was not detected in methanol-grown cells, suggesting that the RuMP cycle is not involved in primary C 1 assimilation in B. mobilis.
Comparative sequence analysis of the cbbL gene from B. mobilis. Since high RubisCO activity was found in methanolgrown cells of B. mobilis, we made an attempt to detect genes coding for this enzyme in a given organism using three different primer sets developed by Spiridonova et al. (23) . Only the primer set proposed for the specific detection of the red-like group of cbbL genes coding for the large subunit of form I RubisCO, i.e., the forward primer RubIrF (5Ј-GCVACCTGG ACSGTSGTVTGG-3Ј) and the reverse primer RubIrR (5Ј-T CGCCYTCSAGCTTGCCSAC-3Ј), yielded an amplicon of the expected size (approximately 820 bp) from DNA of B. mobilis. Comparative sequence analysis grouped the inferred peptide sequence of cbbL from B. mobilis within a red-like cluster of CbbL represented by the alphaproteobacterial organisms of the genera Bradyrhizobium, Methylocapsa, Xanthobacter, and Oligotropha. The identity values between the CbbL sequence of B. mobilis and the CbbL sequences from other members of this cluster ranged from 78.1 to 94.9%. An intriguing fact is that the highest sequence identity (94.9%) was observed between CbbL Our results demonstrate that, in addition to chemoheterotrophy, B. mobilis is able to employ chemoautotrophy as an alternative type of nutrition. Autotrophic growth is driven by energy from the oxidation of methanol via a PQQ-containing methanol dehydrogenase, an NAD ϩ /GSH-linked formaldehyde dehydrogenase, and a PMS-linked formate dehydrogenase, while CO 2 derived from oxidation of CH 3 OH is further assimilated via the RuBP pathway. Therefore, B. mobilis is a facultatively chemoautotrophic methylotroph that in addition to growth on C 1 reduced compounds (methanol and formate) has the ability to use a wide range of multicarbon substrates.
Two explanations for the origin of the methylotrophic autotrophy in B. mobilis can be considered. One explanation would involve facilitated, plasmid-mediated genetic exchange. This would explain why the ability to oxidize methanol and the ability to assimilate CO 2 via the RuBP pathway were found in only one species of the genus Beijerinckia. Another explanation would be the occurrence of a common acidophilic, dinitrogenfixing, autotrophic ancestor of Methylocapsa and Beijerinckia, which has been suggested previously due to the high identity of nif genes in these bacteria (12) . It should be noted that the initial examination of C 1 assimilation pathways in Methylocapsa acidiphila B2 did not reveal the presence of the RuBP pathway (11) . However, Spiridonova et al. (23) recently reported the detection of a red-like cbbL gene in strain B2. Thus, the occurrence of a RuBP pathway in Methylocapsa needs to be verified under different growth conditions.
In summary, we have demonstrated that there is more metabolic versatility within representatives of the genus Beijerinckia than was previously thought. At present, methylotrophic autotrophy can be attributed to only one species of this genus. However, future studies on unexplored diversity within this genus may significantly extend the number of Beijerinckia species capable of C 1 metabolism.
Nucleotide sequence accession number. The nucleotide sequence of the cbbL gene fragment from B. mobilis has been determined and deposited in the EMBL, GenBank, and DDBJ sequence databases under the accession number AJ878074.
